Ultrasonic motors are expected to be used as microactuators because of their high torque, low speed and simple construction. We have already reported cylindrical-shaped micro ultrasonic motors which utilized a lead zirconate titanate (PZT) thin film. In this paper, we discuss a micro ultrasonic motor composed of bulk PZT. The stator transducer had dimensions of 2.4 mm in diameter and 10 mm length. The maximum revolution speed was 650 rpm and the maximum output torque was 0.22 mNm with the condition of 100 V p-p input voltage. The driving frequency was 85 kHz. The comparison between the bulk PZT stator transducer and the previous PZT thin film transducer was considered. From this consideration, the e 31 piezoelectric factor was determined to be the main factor for different output torques. The bulk PZT motor was applied to robot hands which was a simple procedure. A two axes hands application was successfully operated with a step motion and carried up to a 10 g load.
Introduction
In the field of micromechanical systems, the applications of high-power microactuators is strongly expected. As a microactuator, electromagnetic motor or electrostatic motor is usually a complicated structure with features of low output torque and high speed. In cm-size this problem can be easily settled with reduction gears. However, reduction gear boxes have complicated construction, thus the use of gear boxes should be avoided.
Compared to other types of motors, ultrasonic motors generate large output torque with low speed. 1) Large output power per unit weight, simple construction and direct drive are also advantages as a microactuator. In particular, the cylindrical-type has larger mechanical output power than the disk-type ultrasonic motor of cm-order. 2, 3) The purpose of this study is to demonstrate the outstanding performance of the mode rotation type ultrasonic motor.
We have already reported the cylindrical-shaped micro ultrasonic motor which utilized a lead zirconate titanate (PZT) thin film. 4, 5) A PZT thin film was deposited by the hydrothermal method. 6, 7) This motor was successfully operated, although the output torque was not very large. Further improvement of the hydrothermal reaction conditions could contribute to a larger output torque of the motor. At this stage, the piezoelectric factor was insufficient compared to that of bulk PZT. For this reason, the previous PZT thin-film type motor could not demonstrate an outstanding performance. In this paper, we will discuss the stator transducer fabricated from bulk PZT. Bulk PZT has a disadvantage that ceramic material is not suitable for microfabrication processes, although a higher piezoelectric effect would contribute sufficiently to the motor characteristics and the use of bulk PZT motors would verify that ultrasonic motors have many advantages in the micromechanical systems.
Structure and Principle
The micro ultrasonic motor has a cylindrical-shaped stator transducer with dimensions of 2.4 mm outer diameter, 1.4 mm inner diameter and 10 mm length. The contact surface between a rotor and a stator should be vertical to the vibration locus, 8) because a rotor slip in the radius direction results in power loss. The taper was introduced at the top and the bottom of the stator transducer. Taper angle was decided from the FEM results.
8) As shown in Fig. 1 , a cylindrical-shaped PZT element is sandwiched between an inner electrode and four outer electrodes. The PZT material is C203 manufactured by Fuji Ceramics Co. Ltd. The poling direction is aligned from the outside to the inside of the thickness direction. Similar construction was introduced previously, 3) although the size of the stator transducer was approximately three times larger. The diameter of the reported motor was 7.5 mm.
The operating vibration mode is the fundamental bending mode. The coupling factor of this vibration mode was estimated as 13% from the equivalent circuit. The degenerated bending vibration modes are excited with four electrical sources which have + or −90 degrees phase shift. The inner electrode is regarded as a grounding electrode. In the same manner as traveling-wave-type ultrasonic motors, a rotor turns through the frictional force. Needless to say, the direction of revolution is reversible by changing the driving phase.
The housing holds the stator transducer with a silicon rubber o-ring at two nodal positions of the bending vibration, as shown in Fig. 2 . Because an ultrasonic motor is a friction drive device, the rotor is pressed to the end surfaces with a spring. The spring factor was 51 N/m. The diameter of the output shaft was 2.0 mm. In Fig. 2 , the bearings are illus- trated, although the following experiments were carried out without these bearings in order to demonstrate bearingless drive. Of course, the motor could be operated with these bearings. The preload value could be changed with the position of the nut. A photograph of the motor unit is shown in Fig. 3 .
Experimental Results

Motor characteristics
The relationship between the load and revolution speed was measured by pulling up a weight with a thread. The revolution speed was measured by a Doppler vibrometer. This equipment is for measuring the target velocity that is vertical to the laser irradiation direction. The input voltage to the stator transducer was 100 V p-p and preload was 330 mN. The input voltage indicates the applied voltage value between facing electrodes of the stator transducer. The driving frequency was 85 kHz which is the resonance frequency of the first bending vibration mode. The results of the revolution speed and the efficiency versus the load are shown in Fig. 4 . The maximum output torque was 0.22 mNm and the maximum revolution speed was 650 rpm. The output torque is more than fifty times larger than that of other micromotors with the same diameter. The maximum efficiency was 25%.
In the vicinity of mechanical load torque of 0.2 mN, the revolution speed was decreased suddenly. This phenomenon is explained by the fact that the preload was not sufficient compared to the output force generated by the stator transducer. With a larger preload, the maximum output torque would be increased, although the maximum revolution speed would be decreased.
The maximum output power was 8 mW, as shown in Fig. 5 , and the input power was about 30 mW at the same load torque. The weight of the stator transducer was 21 mg. Thus the output power per unit weight was 40 W/kg which is not very large in a general cm-size motor although superior in a mm-size motor.
Comparison of bulk PZT stator transducer with PZT
thin film stator transducer We have previously reported the micro ultrasonic motors utilizing PZT thin film. 4, 5) The PZT thin film was deposited by a hydrothermal method.
6, 7) Two types of stator transducers were fabricated and were successfully operated. One of the stator transducers was 2.4 mm in diameter and 10 mm long, and the other was 1.4 mm in diameter and 5.0 mm long. The output torque of the larger type stator transducer fabricated by PZT thin film was only 7 µNm.
4) The driving condition was 20 V p-p input voltage, and the driving frequency was 109.5 kHz. The dimensions of the larger type stator transducer were almost similar to that of the bulk PZT stator transducer discussed in this paper. The output torque of the bulktype stator transducer was thirty times larger than that of the thin-film type.
We should consider why there was such a large difference between the bulk-type and the thin-film-type as regards the output torque. The maximum output force generated by the cation examples is a microhand that has two axes, as shown in Fig. 6 . The construction of two motor units was the same. Each output shaft of the two motors was connected with a short rod fabricated of stainless steel. We refer to the two motor units as "tip motor" and "base motor". Similar devices were reported by Miyagawa et al., 9) although their electromagnetic motors required many complicated reduction gears because of the low torque with high speed. Our micro ultrasonic motors were successfully operated without reduction gears, therefore the entire system was very simple. Two axes were driven with step motion by burst input voltage. The burst cycle was 20 Hz and input voltage was 100 V p-p . To measure the motion of each hand, a marker for an optical position sensor was attached to the tip of the hand. Each axis was successfully operated as a robot hand, as shown in Fig. 7 (tip motor) and Fig. 8 (base motor) . By changing the phase shift of input voltage to each electrode from +90 degrees to −90 degrees, Between the two types of stator transducers, the outer radius R o and the length l are almost equal. To compare the two types of motors, (R o + R i )e 31 is essential. The value of the piezoelectric coefficient e 31 of bulk PZT was easily obtained from a catalog. The e 31 value of PZT thin film was calculated from an equivalent circuit. Each equivalent constant was measured from the experimental results, for example, the relationship between driving frequency and vibration amplitude. Table I summarizes the input voltage, piezoelectric factor e 31 and stator dimensions. This table indicates that the main reason for the output torque difference is caused by the e 31 value. The thickness of the PZT thin film deposited by the hydrothermal method was 6 µm. The electric field with 20 V p-p was of order MV/m, so the same input voltage for bulk PZT type motor could not be applied. To fabricate a superior stator transducer utilizing PZT thin film, e 31 value of the film is expected to be increased. We have already improved the reaction conditions of the hydrothermal method, and the e 31 value of improved film measured −0.57 C/m 2 . This improved hydrothermal method was adopted for fabricating the smaller-type motor.
4) The difference of the total estimated value and the experimental output torque is caused by different frictional coefficient. In addition, the insufficient preload for bulk PZT stator transducers also influences the maximum output torque.
Robot hands as an application example
The bulk PZT stator transducer motor could generate sufficient output torque for various applications. One of the appli- PZT stator transducer was thirty times larger. The main reason for the different output torque was a different e 31 value. The e 31 value of bulk PZT was −4.1 C/m 2 , and that of the PZT thin film was only −0.19 C/m 2 . This result indicated that there is still room for improvement in the thin-film-type motor using a superior PZT thin film.
As an example of motor application, a two axes hand was fabricated and successfully operated. This hand was composed of two motor units. There was no reduction gear and no break, so its construction was very simple. This hand could carry a load whose weight was up to 10 g.
In this study, the bulk PZT motor could demonstrate the superiority of an ultrasonic motor compared to conventional motors, such as electrostatic motors or magnetic motors. High torque with low speed, direct drive and simple construction were verified. However, the bulk PZT is not suitable for microfabrication process. For fabricating smaller motors, a PZT thin film is essential. the driving direction was reversed. A weight was put on the tip of the hand and then operated. It was confirmed that up to a 10 g load could be driven with 100 V p-p input voltage. The operation system was a step motion but a series motion. Weight load at the tip of the hand resulted in decreasing the starting acceleration, and a larger load prevented from operating.
From this application example, the merits of an ultrasonic motor, namely high torque with low speed (direct drive), brakeless drive, bearingless drive and simple construction have been indicated.
Conclusions
The cylindrical stator transducer was fabricated using bulk PZT. The stator transducer was suspended with a silicon rubber o-ring at the nodal positions of the first bending vibration mode. The rotors were pressed to the stator transducer with a spring. With 100 V p-p input voltage, the maximum revolution speed was 650 rpm and the maximum output torque was 0.22 mNm. The driving frequency was 85 kHz.
By comparison to the previous stator transducer which was fabricated using PZT thin film, the output torque of the bulk 3350 Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 5B T. MORITA et al. Step motions of the motor axis II (base motor).
